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In the forebrain, cortical structures consist of networks of excitatory and inhibitory neurons born in distant
locations. Understanding how these two major classes of neurons integrate into unique functional cell
assemblies may shed light on the organization of cortical circuits. In this review, we provide an overview
of themechanisms used byGABAergic interneurons to reach their final position, with an emphasis on the final
steps of this process. To this end, we analyze similarities and differences between the integration of
GABAergic interneurons in the developing cerebral cortex and in the postnatal brain, using the neocortex
and the olfactory bulb as model systems.Introduction
From a reductionistic perspective, many brain circuits have
evolved as hierarchical networks of excitatory glutamatergic
neurons and g-aminobutyric acid-containing (GABAergic) inter-
neurons. In the telencephalon, for example, cortical structures
consist of excitatory and inhibitory neuronal assemblies inde-
pendent of their complexity and function. Accordingly, functional
circuits in regions as disparate as the olfactory bulb, hippocam-
pus, and neocortex rely on relatively similar cell assemblies of
glutamatergic neurons and GABAergic interneurons. Glutama-
tergic neurons are the main excitatory units in these networks,
typically linked through multiple recurrent connections that are
critical for computational performance (Binzegger et al., 2004;
Somogyi et al., 1998). GABAergic interneurons, on the other
hand, comprise a highly heterogeneous group of neurons that
maintain the stability of cortical networks through synaptic inhi-
bition. In addition, interneurons modulate network activity by
shaping the spatiotemporal dynamics of different forms of syn-
chronized oscillations (Klausberger and Somogyi, 2008).
The organization of neuronal assemblies in the cortex seems
to obey certain rules that guarantee a critical balance between
excitation and inhibition while maximizing their computational
ability. In the cerebral cortex, for example, the ratio between
excitatory and inhibitory neurons is relatively constant across
regions and species (Fishell and Rudy, 2011; Hendry et al.,
1987; Sahara et al., 2012). In the adult olfactory bulb, where in-
terneurons are continuously added throughout life, the propor-
tion of newborn neurons that integrates into the mature network
is tightly regulated (Kohwi et al., 2007; Winner et al., 2002). In
addition, GABAergic interneurons in the cerebral cortex and
olfactory bulb come in a rich variety of classes, each having high-
ly stereotypical laminar arrangements, unique patterns of con-
nectivity, and functions (Fishell and Rudy, 2011; Klausberger
and Somogyi, 2008; Lledo et al., 2008). This enormous variety
of interneuron classes provides cortical circuits with the requiredflexibility to carry out complex computational operations during
information processing.
Considering the highly stereotypical organization of cortical
networks, the most striking aspect of their assembly is that their
cellular ingredients are born in separate locations. While gluta-
matergic neurons of the olfactory bulb and the cerebral cortex
are generated locally by progenitor cells in the developing
pallium (Molyneaux et al., 2007; Rakic, 2007), GABAergic inter-
neurons populating these structures derive from the subpallium,
the base of the telencephalon (Batista-Brito and Fishell, 2009;
Gelman andMarı´n, 2010;Wonders and Anderson, 2006). Conse-
quently, glutamatergic neurons and GABAergic interneurons
follow very different strategies to reach their final destination.
Glutamatergic neurons migrate radially to form the different
layers of cortical structures (Rakic, 2006). In contrast, interneu-
rons first migrate tangentially from their birthplace to the cerebral
cortex and olfactory bulb and subsequently switch their mode of
migration to radial to adopt their final position in these structures
(Marı´n and Rubenstein, 2001). How these apparently discon-
nected processes synchronize during development is arguably
one of the most fascinating questions on the assembly of
neuronal circuits in the mammalian brain.
The purpose of this review is to summarize our current under-
standing of the mechanisms controlling the coordinated integra-
tion of glutamatergic neurons and GABAergic interneurons into
cortical networks. The emphasis is on those aspects related to
the final settlement of GABAergic interneurons in the cerebral
cortex and olfactory bulb, and not so much on the mechanisms
controlling their tangential migration to their target structures
(reviewed in Belvindrah et al., 2009;Marı´n, 2013). The developing
neocortex is used here as a model for the coordinated integra-
tion of glutamatergic neurons and GABAergic interneurons into
nascent cortical circuits, while the adult olfactory bulb illustrates
the ability of newborn GABAergic interneurons to integrate into
fully mature networks.Neuron 79, September 4, 2013 ª2013 Elsevier Inc. 849
Figure 1. Major Classes of Neocortical Interneurons and Their
Developmental Origins
(A) Schematic of a coronal section through themouse cerebral cortex showing
the main classes of GABAergic interneurons and their respective laminar
allocation. Fast-spiking PV+ basket cells are distributed throughout all cortical
layers except for layer I. Chandelier cells localize primarily to the border
between layers I and II/III, and in layer V. SST+ Martinotti cells are mainly found
in layers II/III and V and extend their axon toward layer I. Non-fast-spiking,
nonadapting SST+ interneurons are restricted to layer IV. Rapidly adapting
VIP+ interneurons and late-spiking neurogliaform cells are particularly abun-
dant in layer II/III. Finally, multipolar cells that often contain NPY are found
through layers II/III and IV. The laminar organization of pyramidal cells is also
schematically represented.
(B) Grouping of the main classes of cortical interneurons according to their
developmental origins. cc, corpus callosum; HC, hippocampus; NCx,
neocortex; Str, striatum; Th, thalamus; WM, white matter; MGE, medial
ganglionic eminence; CGE, caudal ganglionic eminence; POA, preoptic area;
I–VI, cortical layers I to VI; 5HTR3a, ionotropic serotonin receptor 3a.
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Glutamatergic pyramidal cells and inhibitory GABAergic inter-
neurons constitute the main cellular elements of each of the indi-
vidual modules or microcircuits of the cerebral cortex. Pyramidal
cells represent about 80% of the neurons in the cortex and
specialize in transmitting information between different cortical
areas and to other regions of the brain. GABAergic interneurons,850 Neuron 79, September 4, 2013 ª2013 Elsevier Inc.on the other hand, control and orchestrate the activity of pyrami-
dal cells.
Pyramidal cells are a highly heterogeneous group of neurons
with different morphological, neurochemical, and electrophysio-
logical features. A basic classification of pyramidal cells is based
on their connectivity, which is roughly linked to their laminar loca-
tion in the cortex (Jones, 1984) (Figure 1). Subcortical projection
pyramidal cells are the main neurons in layers V and VI. They
target the thalamus (layer VI) and other telencephalic and sub-
cerebral regions, such as the striatum, midbrain, pons, and spi-
nal cord (layer V pyramidal cells). Pyramidal cells in layer IV, the
granular layer, are associative neurons that project to pyramidal
cells in layers II/III. Finally, callosal projection pyramidal cells
project to the contralateral cortex and are particularly abundant
in layers II/III. Some of these pyramidal cells are also present in
layers V and VI. Layer II/III pyramidal cells also project abun-
dantly to infragranular pyramidal cells.
More than 20 different classes of interneurons have been iden-
tified in the hippocampus and neocortex, each of them with
distinctive spatial and temporal capabilities to influence cortical
circuits (Fishell and Rudy, 2011; Klausberger and Somogyi,
2008). The classification of interneurons is a remarkably compli-
cated task because their unequivocal identification requires a
combination of morphological, neurochemical, and electrophys-
iological properties (Ascoli et al., 2008; DeFelipe et al., 2013). For
the purpose of this review, neocortical interneurons can be
broadly classified into five categories (Figure 1). The most abun-
dant group consists of interneurons with the electrophysiological
signature of fast-spiking neurons. It includes twomain classes of
interneurons: basket cells and chandelier cells (Markram et al.,
2004). Most fast-spiking interneurons express the calcium bind-
ing protein parvalbumin (PV), although many chandelier cells do
not (Taniguchi et al., 2013). A second group of interneurons is
characterized by the expression of the neuropeptide somato-
statin (SST). It includes interneurons with intrinsic-burst-spiking
or adapting nonfast-spiking electrophysiological profiles and
includes at least two different classes of interneurons. Martinotti
cells, with a characteristic axon extending into layer I, are the
most abundant SST+ interneurons (Ma et al., 2006; Xu et al.,
2013). In addition, a second class of SST+ interneurons with
axons that branch abundantly near the cell soma has been iden-
tified (Ma et al., 2006; Xu et al., 2013). The third major group of
neocortical interneurons includes rapidly adapting interneurons
with bipolar or double-bouquet morphologies, which typically
express the vasointestinal peptide (VIP) and may also contain
the calcium binding protein calretinin (CR) (Rudy et al., 2011).
Neurogliaform cells constitute a fourth large group of neocortical
interneurons (Armstrong et al., 2012). They have a very charac-
teristic morphology, with highly branched short dendrites and
a defining dense local axonal plexus. Neurogliaform cells have
a late-spiking firing pattern, and many express Reelin and the
ionotropic serotonin receptor 3a. Finally, a fifth group of interneu-
rons consists of multipolar cells with irregular or rapidly adapting
electrophysiological properties that often contain neuropeptide
Y (NPY) (Lee et al., 2010). As explained below, the different
classes of interneurons distribute through the cerebral cortex
following highly specific regional and laminar patterns. This
remarkable degree of organization suggests that the functional
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largely dependent on their precise positioning within the cortex.
Pyramidal cells and interneurons are organized along two
main dimensions in the cerebral cortex. The first axis divides
the cortex into a variable number of layers depending on the
cortical area. Neurons within the same cortical layer share im-
portant features, including general patterns of connectivity
(Dantzker and Callaway, 2000; Molyneaux et al., 2007). The sec-
ond axis reflects the vertical organization of neuronal circuits
within a column of cortical tissue. Neurons within a given column
are stereotypically interconnected in the radial dimension, share
extrinsic connectivity, and function as the basic units underlying
cortical operations (Mountcastle, 1997). Thus, any given cortical
area consists of a sequence of columns in which their main
cellular constituents, pyramidal cells and interneurons, share a
common laminar organization. From this perspective, the inte-
gration of GABAergic interneurons within the organized matrix
of layers and columns that compose the cortex might be better
understood as a sequence of events that first determine the spe-
cific rostrocaudal and mediolateral coordinates of interneurons
in the tangential plane (i.e., regional distribution) and subse-
quently determine their precise layering within the radial axis
(i.e., laminar distribution).
Regional Distribution of Cortical Interneurons
As local circuit neurons, interneurons could be potentially incor-
porated in any cortical region. The question is whether interneu-
rons are specified to migrate to precise locations or they just
colonize the cerebral cortex without being targeted to specific
coordinates. In other words, is there a correlation between their
site of origin within the subpallium and their distribution along the
rostrocaudal and mediolateral dimensions of the cortex?
Multiple lines of evidence suggest that the different classes of
cortical interneurons are born in specific regions of the subpal-
lium (Gelman and Marı´n, 2010; Wonders and Anderson, 2006)
(Figure 1). In brief, the embryonic subpallium has five major pro-
liferative regions: the lateral, medial, and caudal ganglionic emi-
nences (LGE, MGE, and CGE, respectively), the preoptic area
(POA), and the septum. The large majority of PV+ and SST+ inter-
neurons derive from the MGE (Butt et al., 2005; Flames et al.,
2007; Fogarty et al., 2007; Inan et al., 2012; Taniguchi et al.,
2013; Wichterle et al., 2001; Xu et al., 2004, 2008). In turn, the
CGE gives rise to most of the remaining interneurons, including
bipolar VIP+ interneurons, most neurogliaform neurons, and
NPY+ multipolar interneurons (Butt et al., 2005; Miyoshi et al.,
2010; Nery et al., 2002; Xu et al., 2004). Finally, the POA gener-
ates a small, but diverse, contingent of PV+, SST+, and NPY+ in-
terneurons (Gelman et al., 2009, 2011).
Although the vast majority of cortical interneurons originate in
the embryonic subpallium and migrate as postmitotic cells to-
ward the cortex, postnatal sources of cortical interneurons
seem to exist. One of these has been identified in the dorsal
white matter and comprises what seems to be an expanding
pool of progenitor cells possibly derived from the LGE and/or
CGE (Riccio et al., 2012; Wu et al., 2011). Interestingly, these in-
terneurons appear to follow a unique specification program and
differentiate later than interneurons born in the embryo. Interneu-
rons from this source populate primarily the lower layers of the
anterior cingulate cortex. In addition, the adult subventricularzone (SVZ), the main postnatal source of olfactory bulb interneu-
rons, also seems to give rise to some interneurons that populate
forebrain structures other than the olfactory bulb, including the
neocortex, caudoputamen nucleus, and nucleus accumbens
(Inta et al., 2008). Intriguingly, some of the SVZ-derived interneu-
rons that populate the deep layers of the frontal cortex share
some morphological and functional features with olfactory bulb
interneurons. They are small, axonless neurons that establish
dendrodendritic synapses and integrate into the network in an
experience-dependent manner (Le Magueresse et al., 2011).
These studies suggest that specific classes of interneurons
derive from distinct regions of the subpallium to later colonize
multiple cortical structures. Fast-spiking interneurons are a clear
example of this circumstance. Transplantation and genetic fate-
mapping studies have shown that the MGE is the origin of fast-
spiking interneurons found in the amygdala, striatum, piriform
cortex, hippocampus, and neocortex (Marı´n et al., 2000; Plea-
sure et al., 2000; Tricoire et al., 2011; Wichterle et al., 2001; Xu
et al., 2008). Several lines of evidence suggest that distinct pools
of progenitor cells within the MGE are specified to produce
interneurons for each of these telencephalic structures. For
instance, striatal and cortical interneurons seem to derive from
different progenitor pools within the MGE (Flandin et al., 2010).
Consistent with this notion, striatal and cortical interneurons
are specified to reach their targets by expressing different com-
plements of guidance receptors (Marı´n et al., 2001; No´brega-
Pereira et al., 2008; van den Berghe et al., 2013). In addition,
the hippocampus contains certain classes of interneurons that
do not seem to have a clear homolog in the neocortex, such as
PV+/SST+ bistratified cells (Buhl et al., 1994). Similarly, VIP+ in-
terneurons populate the cortex and the hippocampus but are
absent from the striatum. Thus, it is conceivable that different
pools of progenitor cells within the subpallium are specified to
generate interneurons that migrate to specific subdivisions of
the telencephalon (i.e., striatum, amygdala, neocortex, hippo-
campus).
Does the same rule apply for different neocortical regions? If
this were the case, then one would expect to observe a topo-
graphical relationship between the origin of a specific class of in-
terneurons within the subpallium and their final distribution in the
neocortex. Transplantation experiments in slices have shown
that the mediolateral distribution of GABAergic interneurons in
the neocortex is not topographically related to their birthplace.
So, irrespective of the site of origin in the MGE, interneurons
tend to colonize the neocortex following a lateral to medial
progression (Lourenc¸o et al., 2012), in parallel to the normalmatu-
ration gradient of pyramidal cells (Bayer and Altman, 1987).
Consistent with this notion, PV+ interneurons within the same
layer are, on average, younger in the lateral third of the somato-
sensorycortex than in themedial third (RymarandSadikot, 2007).
The mechanisms that control the regional distribution of
neocortical interneurons are presently unclear, but several lines
of evidence suggest that this process is related to the transition
of interneuron migration from tangential to radial or, more pre-
cisely, to its timing (Figure 2). On their entry into the pallium,
interneurons do not immediately target the cortical plate, where
developing pyramidal cells are beginning to differentiate.
Instead, interneurons continue their tangential spread using theNeuron 79, September 4, 2013 ª2013 Elsevier Inc. 851
Figure 2. Integration of MGE-Derived
Interneurons into Cortical Layers
(A–C) Schematic representation of the different
phases underlying the integration of GABAergic
interneurons in the neocortex. Circles in (A) sche-
matically represent the distribution of MGE-
derived interneurons, while arrow lines in (B)
represent the migratory trajectories followed by
interneurons. Early- and late-born MGE-derived
interneurons are depicted in red and blue,
respectively. The figure shows schematic repre-
sentations of the mouse neocortex at different
developmental stages (E14, E18, P2, and P6).
Three distinct phases can be observed for each
cohort of interneurons: tangential dispersion,
cortical plate (CP) invasion, and laminar allocation.
These consecutive phases seem common to all
MGE-derived interneurons, but their timing varies
depending on the age of interneurons (C). Sorting
of interneurons into different layers of the cortex
seems to follow a two-step process. First, in-
terneurons seem generally attracted to the CP
(purple); subsequently, they restrict their distribu-
tion to particular layers (light blue and light red), so
that early-born MGE-derived interneurons pri-
marily settle in infragranular layers, while late-born
MGE-derived interneurons populate the superfi-
cial layers. This later phase appears to depend on
signals released by pyramidal cells. MZ, marginal
zone; SP, subplate; IZ, intermediate zone; SVZ,
subventricular zone; VZ, ventricular zone; I–VI,
cortical layers I to VI.
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1999; Marı´n and Rubenstein, 2001; Wichterle et al., 2001).
Eventually, interneurons switch their mode of migration from
tangential to radial and invade the cortical plate, where
they take residence. This suggests that the mediolateral and
rostrocaudal position of an interneuron during this transition
determines its final coordinates in the neocortex.
The chemokine Cxcl12 regulates the tangential dispersion
of interneurons throughout the neocortex. This molecule is
expressed by the meninges and intermediate progenitor cells
in the subventricular zone of the cortex and contributes to main-
tain interneurons within the tangential migratory streams (Daniel
et al., 2005; Stumm et al., 2003; Tham et al., 2001; Tiveron et al.,
2006). Interneurons respond to Cxcl12 using two G protein
couple receptors, Cxcr4 and Cxcr7. In mouse mutants for these
receptors, interneurons leave the migratory streams and enter
the cortical plate prematurely, which disrupts their regional dis-
tribution within the neocortex (Li et al., 2008; Lo´pez-Bendito
et al., 2008; Meechan et al., 2012; Sa´nchez-Alcan˜iz et al.,
2011; Tanaka et al., 2010). These studies strongly suggest that
the timing of exit from the migratory streams—and so the final
distribution of neocortical interneurons—is directly linked at a
molecular level with the loss of responsiveness to Cxcl12.
Laminar Allocation of Cortical Interneurons
The laminar organization of pyramidal cells has been studied for
several decades, and important progress has been made in un-
derstanding the mechanisms controlling their ordered allocation
into specific layers. The characteristic six-layered structure of852 Neuron 79, September 4, 2013 ª2013 Elsevier Inc.the neocortex emerges during development in an inside-out
pattern that is universal among mammalian species (Rakic,
2007). Newborn pyramidal cells alwaysmigrate through previous
cohorts of pyramidal neurons, so that early-born cells end up
located in deep (i.e., infragranular) layers, and late-born cells
populate superficial (i.e., supragranular) layers of the cortex. A
signaling pathway elicited by Reelin, a glycoprotein expressed
by Cajal-Retzius cells at the surface of the cortex, controls the
ordered migration of pyramidal cells (Franco and Mu¨ller, 2011;
Soriano and Del Rı´o, 2005). This pattern of migration allows the
organization of particular classes of pyramidal cells into coherent
groups with similar functional properties. In other words, pyrami-
dal cells exhibit comparable—although not necessarily iden-
tical—patterns of axonal connections within each of the cortical
layers, which contribute to the establishment of reproducible cir-
cuits within each column of the cerebral cortex.
A superficial analysis of the distribution of GABAergic inter-
neurons may lead to the premature conclusion that these cells
distribute uniformly throughout all layers of the cerebral cortex.
There is, however, a remarkable degree of sophistication in the
laminar distribution of neocortical GABAergic interneurons
(Figure 1). For instance, PV+ interneurons are absent from layer
I (Rymar and Sadikot, 2007), while Martinotti cells are particularly
abundant in layers V and VI, and to a minor extent in layers II/III,
but nearly absent from layer IV (Ma et al., 2006). In addition,
most bipolar or double-bouquet interneurons reside in the supra-
granular layers of the cortex (Rymar and Sadikot, 2007), while
chandelier cells are almost exclusively found in layers II and V
Figure 3. Pyramidal Cells Control the Distribution of GABAergic
Interneurons in the Neocortex
(A) Schematic diagram illustrating the laminar distribution of MGE- and CGE-
derived interneurons in the neocortex. Similar to pyramidal cells, MGE-derived
interneurons distribute in a roughly inside-out pattern: early-born MGE-
derived interneurons (red circles) are mainly located in infragranular layers,
while late-born MGE-derived interneurons (blue circles) occupy the superficial
layers. CGE-derived interneurons (green circles) distribute primarily
throughout supragranular layers independently of their birthdate.
(B) Abnormal distribution of pyramidal cells in Dab1/ mice disturbs the
laminar organization of MGE-derived interneurons (left panel). This phenotype
is due to the abnormal location of PN inDab1/mice, because whenDab1/
Neuron
Reviewin the rodent neocortex (Taniguchi et al., 2013). Even those inter-
neurons that seem to distribute more or less uniformly through
most cortical layers, such as PV+ basket cells, display distinct
patterns of connectivity according to their laminar position
(Tremblay et al., 2010). This remarkable degree of organization
suggests that precise developmental mechanisms control the
laminar distribution of cortical interneurons.
The laminar distribution ofMGE-derived interneurons follows a
sequence that is similar to that followed by pyramidal cells. Thus,
early-born MGE-derived interneurons primarily populate the
infragranular layers of the neocortex, while late-born interneu-
rons colonize the supragranular layers (Faire´n et al., 1986; Miller,
1985; Pla et al., 2006; Rymar and Sadikot, 2007; Valcanis and
Tan, 2003) (Figure 3). This seems to imply that the time of neuro-
genesis largely determines the laminar allocation of interneu-
rons. However, several lines of evidence suggest that this is
actually not the case. First, CGE-derived interneurons largely
concentrate in supragranular layers of the cortex, independently
of their birthdate (Miyoshi et al., 2010; Rymar and Sadikot, 2007;
Xu et al., 2004). This indicates that the birthdate is not a universal
predictor of laminar allocation for interneurons. Second, the dis-
tribution of MGE-derived interneurons is directly influenced by
the position of pyramidal cells (Hevner et al., 2004; Lodato
et al., 2011; Pla et al., 2006). For example, the laminar distribution
of interneurons is abnormal in reeler mice (Hevner et al., 2004),
and this is not due to the loss of Reelin signaling in interneurons
(Pla et al., 2006) (Figure 3). These studies led to an alternative
hypothesis to explain the laminar distribution of interneurons,
according to which interneurons would adopt their laminar
position in response to cues provided by specific classes of
pyramidal cells. Direct support for this idea derives from ex-
periments in which the laminar position of MGE-derived inter-
neurons was specifically altered by disrupting the laminar
distribution of specific classes of pyramidal cells, independently
of their birthdate (Lodato et al., 2011) (Figure 3). Thus, MGE-
derived interneurons appear to occupy deep or superficial layers
of the cortex in response to specific signals provided by pyrami-
dal cells located in these layers. Consequently, this process is
perhaps only correlatively, but not causally, linked to the time
of neurogenesis.
Recent studies on the generation of cortical lineages have
shed further light on the chemical matching hypothesis for the
laminar distribution of neocortical interneurons. The classical
view of cortical development is based on the premise that
pyramidal cells in all layers of the neocortex originate from the
same lineage (Woodworth et al., 2012). In other words, cortical
progenitors are multipotent and give rise to any class of pyrami-
dal cell, but are gradually restricted to producing neurons forinterneurons are transplanted into wild-type mice, they adopt a normal dis-
tribution (right panel).
(C) Pyramidal cells selectively recruit local interneurons based on their sub-
type-specific identity. The generation of ventricular zone (VZ) ectopias con-
taining infragranular (left panel) or supragranular (right panel) pyramidal cells is
sufficient to recruit early- and late-born interneurons, respectively, to this
abnormal location. IN, interneurons; IZ, intermediate zone; PC, pyramidal cells;
SuP, superplate; SVZ, subventricular zone; VZ, ventricular zone; I–VI, cortical
layers I to VI; V–VI* and II–IV*, ectopic infragranular and supragranular pyra-
midal cells, respectively.
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Figure 4. Lineages and Ontogenic Organization of the Neocortex
(A and B) Schematic diagram of a coronal section through the mouse telencephalon during embryonic development. The boxed areas in (A) correspond to the
schemas shown in (B), which illustrate two models (1 and 2) of neurogenesis for pyramidal cells and MGE-derived interneurons. According to the classical model
(model 1), progenitor cells in the embryonic cortex (triangles) and in MGE (circles) are multipotent. Each progenitor cell in these regions has the potential to
generate pyramidal cells and interneurons, respectively, for all cortical layers. The fate potential of progenitor cells is progressively restricted along neurogenesis
so that they give rise first to deep cortical neurons and later on to progressively more superficial neurons (transition from green to red inmodel 1). Model 2 is based
on the observation that at least two classes of progenitor cells seem to exist for pyramidal cells (triangles) and interneurons (circles), each one committed to
generate neurons with specific laminar allocations. In this model, the two lineages coexist in the proliferative regions, but their relative proportion and/or
neurogenic potential changes during development.
(C) Schematic diagram of a coronal section through the adult neocortex, showing lineage relationships and neuron distributions for model 1 (left) and model 2
(right). In model 1, lineages of pyramidal cells and interneurons are organized along the columnar dimension of the neocortex. In model 2, lineages of pyramidal
cells and interneurons are primarily organized along the laminar dimension of the neocortex. Color codes in the figure do not represent any developmental
program but simply reflect the fate of cells according to their laminar position. In addition, note that both models are not incompatible. cc, corpus callosum; NCx,
neocortex;MGE,medial ganglionic eminence; LGE, lateral ganglionic eminence; MZ,marginal zone; CP, cortical plate; IZ, intermediate zone; SVZ, subventricular
zone; VZ, ventricular zone; I–VI, cortical layers I to VI.
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1988). Recent work on the organization of interneuron lineages
also led to the conclusion that MGE-derived interneurons that
extend throughout multiple layers of the cortex derive from the
same progenitor cells (Brown et al., 2011) (Figure 4, model 1).
This view of cortical neurogenesis has recently been chal-
lenged by the identification of different classes of progenitor cells
for both pyramidal cells and interneurons (Ciceri et al., 2013;
Franco et al., 2012; Stancik et al., 2010) (Figure 4, model 2). In
the pallium, two classes of progenitor cells in the neocortex
might exist: one largely responsible for the generation of pyrami-
dal cells in deep (V and VI) layers and another one for pyramidal
cells in superficial (II and IV) layers (Franco et al., 2012). Similarly,
recent work on the organization of progenitor cells in the subpal-
lium suggests that MGE-derived interneurons originate from at
least two separate lineages: one that primarily produces inter-
neurons for deep (V and VI) layers of the cortex and another
one that generates interneurons for superficial (II and IV) layers
(Ciceri et al., 2013) (Figure 4). According to this model, the rela-
tive proportion of the different types of progenitor cells varies
with time, and this determines the classes of pyramidal cells
and interneurons that are being produced at a particular devel-
opmental stage. Furthermore, these experiments suggest that854 Neuron 79, September 4, 2013 ª2013 Elsevier Inc.MGE-derived interneurons might be generated to mirror the
laminar organization of pyramidal cells.
Early Functional Interactions
The distribution of GABAergic interneurons into the cerebral cor-
tex also relies on functional interactions between these cells and
the networks into which they integrate. Initially, these interac-
tions rely on the ability of migrating interneurons to sense the
combined extracellular levels of GABA and glutamate, and so
they precede the onset of synaptogenesis in the cortex. Both
neurotransmitters enhance neuronal migration in the embryo
because they depolarize the membrane of interneurons and
stimulate the generation of calcium transients (Cuzon et al.,
2006; Manent et al., 2005). However, the reversal potential for
chloride ions changes in interneurons as they mature, and so
GABA becomes hyperpolarizing when this occurs. This change
turns ambient GABA into a stop signal formigrating interneurons,
because hyperpolarizing GABA decreases the frequency of
intracellular calcium transients (Bortone and Polleux, 2009).
The potassium/chloride exchanger KCC2 mediates the reversal
potential of chloride ions in maturing neurons (Ben-Ari, 2002),
and so themechanisms controlling the upregulation of this trans-
porter are likely linked to the termination of migration (Bortone
and Polleux, 2009). Consistently, interneurons upregulate
Figure 5. Major Classes of Olfactory Bulb Interneurons and Their
Developmental Origins
(A) Schematic of a coronal section through the mouse olfactory bulb showing
the main classes of GABAergic interneurons and their respective laminar
allocation. Granule cells include at least three different classes: Blanes cells,
CR+ granule cells preferentially located in the most superficial aspect of the
granule cell layer, and granule cells without a known specificmarker. Themitral
cell layer contains interneurons that express the glycoprotein 5T4. The external
plexiform layer contains PV+ interneurons. Periglomerular interneurons
comprise at least three classes based on their neurochemical content: TH+,
CB+, and CR+ cells.
(B) Grouping of the main classes of cortical interneurons according to their
developmental origins. ONL, olfactory nerve layer; GL, glomerular layer: EPL,
external plexiform layer; MCL, mitral cell layer; GCL, granule cell layer; LGE,
lateral ganglionic eminence.
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and Fishell, 2011); however, it is presently unclear how this pro-
cess is integrated with the laminar allocation of interneurons.
One possibility is that interneurons get preferentially immobilized
in layers with increased network activity, in which modification of
calcium dynamics might be more prominent (de Lima et al.,
2009). Alternatively, the layer-specific cues that are thought to
control the final distribution of interneurons might also regulate
the expression of KCC2 in these cells. In agreement with this
hypothesis, factors released by cortical cells decrease themobility of embryonic interneurons in culture (Inamura et al.,
2012). In any case, early patterns of activity seem to play a clear
role in the final settlement of interneurons, independently of their
origin (Bortone and Polleux, 2009; De Marco Garcı´a et al., 2011).
Integration of GABAergic Interneurons in the Adult
Olfactory Bulb
The adult olfactory bulb represents a good model to study the
ability of newly generated GABAergic interneurons to integrate
intomature networks. Similar to the cerebral cortex, the olfactory
bulb is organized as an assembly of excitatory and inhibitory
neurons distributed through layers (Zou et al., 2009). However,
olfactory interneurons outnumber excitatory neurons in an
100:1 proportion, perhaps because the primary function of
the olfactory bulb is to discriminate sensory information. In addi-
tion, neural circuits in the olfactory bulb are continuously
remodeled by the addition of new GABAergic interneurons,
generated through the process of adult neurogenesis. This
circumstance makes the adult olfactory bulb an ideal model for
studying how GABAergic interneurons integrate into mature
neuronal circuits. Transplantation experiments have shown
that embryonic cortical interneurons also have the ability to
migrate and functionally integrate in the adult cortex (Alvarez-
Dolado et al., 2006; Wichterle et al., 1999), which suggests that
this might be a rather general characteristic of GABAergic inter-
neurons.
Two classes of excitatory neurons are present in the olfactory
bulb, mitral cells and tufted cells, which are confined to a single
layer that lies between the external plexiform and granule cell
layers (Figure 5). Both classes of neurons are glutamatergic,
but they comprise several different populations that diverge in
the spatial organization of their connections and molecular
markers (Mizuguchi et al., 2012; Mori and Sakano, 2011). Mitral
cells and tufted cells send their primary dendrites into single
glomeruli, where they receive inputs from olfactory sensory neu-
rons. In turn, they convey this information to other brain centers
in the telencephalon through the lateral olfactory tract (Igarashi
et al., 2012). Hence, as in the cortex, excitatory neurons are
the main projection neurons in the olfactory bulb.
The olfactory bulb contains several classes of GABAergic in-
terneurons, grouped in three main populations: granule cells,
external plexiform layer interneurons, and periglomerular cells
(Figure 5) (Batista-Brito et al., 2008). It is worth noting that olfac-
tory bulb interneurons have not been as extensively character-
ized as cortical interneurons, and so their classification largely
relies on marker analyses at this point. Granule cells are the
most abundant GABAergic neurons in the olfactory bulb. They
have a small soma and make dendrodendritic connections
with excitatory neurons (Price and Powell, 1970). Several classes
of neurons have been identified within the granule cell layer,
including external granule cells, whose soma is located within
the mitral cell layer and expresses the glycoprotein 5T4, CR+
granule cells located in the external aspect of the granule cell
layer, and Blanes cells (Imamura et al., 2006; Pressler and Strow-
bridge, 2006). This later population of interneurons is specialized
in inhibiting granule cells, thereby controlling the strength of inhi-
bition on the excitatory neurons (Pressler and Strowbridge,
2006). Many granule cells do not express any known markers,Neuron 79, September 4, 2013 ª2013 Elsevier Inc. 855
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The most common population of interneurons in the external
plexiform layer contains PV (Kosaka and Kosaka, 2008), but
several other classes of interneurons seem to exist in this layer
(Huang et al., 2013; Krosnowski et al., 2012; Liberia et al.,
2012). Interneurons in this layer are thought to provide inhibition
to mitral and tufted cells (Huang et al., 2013), probably by target-
ing their apical dendrites. Finally, three distinct subtypes of inter-
neurons have been identified in the glomerular layer of the
mouse, based on the expression of tyrosine hydroxylase (TH),
calbindin (CB), and CR, respectively (Kohwi et al., 2007; Kosaka
and Kosaka, 2005). These interneurons receive direct input from
olfactory receptor neuron axons and synapse with the dendrites
of mitral and tufted cells (Kosaka and Kosaka, 2005).
The organization of olfactory bulb interneurons into distinct
layers is directly related to their function in the neural circuit, pro-
cessing olfactory information (Zou et al., 2009). Interneurons in
the glomerular layer receive synapses from olfactory receptor
neuron axons and, in turn, synapse with the dendrites of mitral
cells and tufted cells. In turn, granule cells established dendro-
dendritic synapses with excitatory neurons in the external plexi-
form layer. Consequently, the laminar allocation of interneurons
largely determines their functionwithin the neural circuits that un-
derlie the processing of sensory information in the olfactory bulb.
Sources of Adult-Born Olfactory Bulb Interneurons
Olfactory interneurons are born remotely in the subpallium
and reach their final destination through tangential migration (Alt-
man, 1969; Belvindrah et al., 2009; Luskin, 1993). During embry-
onic stages, the olfactory bulb emerges as a protrusion of the
rostral tip of the telencephalon that is continuous with the region
of the subpallium that gives rise to its interneurons (Gong and
Shipley, 1995). As development proceeds, however, interneu-
rons must migrate increasing distances to reach their destina-
tion. Importantly, many interneurons continue to be generated
through adulthood (Lois and Alvarez-Buylla, 1994), which poses
a notable challenge for the transit of new inhibitory neurons to the
olfactory bulb.
The origin of olfactory interneurons has been classically asso-
ciated with the LGE, a region that was shown to contribute to the
SVZ of the lateral ventricles in the postnatal telencephalon (Sten-
man et al., 2003; Wichterle et al., 2001). However, recent evi-
dence indicates that the diversity of OB interneurons derives
from a more extensive and heterogeneous germinal region
than previously thought (Lledo et al., 2008). Genetic fate-map-
ping analyses have confirmed that the LGE is the main contrib-
utor to the adult SVZ. Thus, the majority of dividing cells in the
SVZ derive from lineages expressing the subpallial marker
Gsh2, and nearly 70% of the olfactory bulb interneurons emerge
from these progenitors (Young et al., 2007). The remaining inter-
neurons derive from a lineage of progenitor cells that express the
transcription factor Emx1 and are therefore classically consid-
ered pallial derivatives (Young et al., 2007). However, this should
be interpreted with caution because LGE progenitors may also
contain low levels of Emx1 (Waclaw et al., 2009). Independently
of their origin, Emx1+ progenitors in the adult are located in the
regions of the lateral ventricular wall facing the corpus callosum,
from where neurosphere-forming stem cells have been obtained
(Ventura and Goldman, 2007; Willaime-Morawek et al., 2006).856 Neuron 79, September 4, 2013 ª2013 Elsevier Inc.Finally, a very small fraction of olfactory bulb interneurons
(1%) seem to derive from a lineage of SVZ progenitor cells
that express the transcription factor Nkx2-1 (Young et al.,
2007), a marker of the MGE.
LGE and pallial progenitors contribute differently to the diver-
sity of olfactory bulb interneurons (Figure 5). For instance, peri-
glomerular cells are produced by both sets of progenitors,
although in different proportions. LGE-derived progenitors
contribute many TH+ interneurons and the large majority of
CB+ cells, whereas pallium-derived progenitors produce most
CR+ neurons (Kohwi et al., 2007; Stenman et al., 2003; Young
et al., 2007). PV+ interneurons in the external plexiform layer
are also generated from both classes of progenitors, although
most seem to derive from the LGE (Li et al., 2011). In the granular
cell layer, most CR+ interneurons develop from pallial progeni-
tors, while the remaining cells are likely derived from the LGE
(Kohwi et al., 2007; Merkle et al., 2007; Young et al., 2007).
Each population of olfactory bulb interneurons is produced in
a unique temporal pattern and turnover rate (Lledo et al., 2008).
This suggests that the neurogenic processes occurring during
development and in the adult are not directly equivalent (De
Marchis et al., 2007; Lemasson et al., 2005). Interestingly, bro-
modeoxyuridine (BrdU) labeling experiments revealed that the
relative ratio of the different subtypes of olfactory bulb inter-
neurons remains relatively constant from birth to adulthood,
although they seem to be produced at different rates. For
instance, CR+ cells make up the largest proportion of newborn
neurons in adult mice (Batista-Brito et al., 2008), while TH+ and
CB+ periglomerular interneurons are produced to a lesser extent,
and PV+ interneurons are not significantly turned over in the adult
(Kohwi et al., 2007; Li et al., 2011). It is presently unclear what
physiological circumstances determine the precise turnover of
the different classes of olfactory bulb interneurons in the adult.
Regional and Laminar Distribution of Adult-Born
Olfactory Bulb Interneurons
The mechanisms controlling the migration of embryonic inter-
neurons to the olfactory bulb resemble in many aspects that of
cortical interneurons (Long et al., 2007) and will not be consid-
ered here in detail. However, the migration of interneurons to
the olfactory bulb changes dramatically as the brain matures,
because the brain parenchyma becomes progressively less
permissive for migration. Adult-born interneurons migrate to
the olfactory bulb through the rostral migratory stream (RMS),
a highly specialized structure in which chains of migrating neuro-
blasts are ensheathed by astrocytes (Doetsch and Alvarez-
Buylla, 1996; Jankovski and Sotelo, 1996; Lois et al., 1996;
Thomas et al., 1996) (Figure 6). Interneurons migrate, crawling
into each other in a process that is known as chain migration
(Wichterle et al., 1997). Many factors have been shown to influ-
ence the tangential migration of olfactory neuroblasts through
the RMS (reviewed in Belvindrah et al., 2009), but very little is
known on the mechanisms that control the final distribution of
newborn interneurons in the olfactory bulb.
Newborn interneurons seem to distribute uniformly throughout
the rostrocaudal extent of the olfactory bulb (Lemasson et al.,
2005). In contrast, interneurons target a specific layer within
the olfactory bulb, according to their fate, in a process that is
likely determined at the time of their specification. In agreement
Figure 6. Integration of Adult-Born Interneurons into the Olfactory Bulb
(A) Schematic of sagittal section through the mouse brain illustrating the migration and integration of adult-born GABAergic interneurons into the olfactory
bulb. Olfactory bulb interneurons are produced in the SVZ and reach the olfactory bulb though the rostral migratory stream (RMS).
(B) Schematic of a coronal section depicting the laminar organization of the adult olfactory bulb. The inset illustrates different stages in the maturation of granule
cells, from their arrival to the olfactory bulb to their integration into functional circuits. The numbers refer to their approximate age in days. ONL, olfactory nerve
fiber layer; GL, glomerular layer: EPL, external plexiform layer; MCL, mitral cell layer; GCL, granule cell layer; cc, corpus callosum; CPu, caudoputamen nucleus;
H, hippocampus; lv, lateral ventricle; NCx, neocortex.
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in migrating neuroblasts promotes their differentiation to periglo-
merular TH+ cells at the expense of other interneuron classes
(Hack et al., 2005). These results reinforce the view that the
laminar allocation is largely linked to the fate of cells originating
from different progenitor cells. Since granular and periglomerular
interneurons play very distinct roles in the processing of olfactory
information (Chen and Shepherd, 2005; Shepherd et al., 2007),
the precise targeting of these cells to their appropriate layer
seems critical for the function of the olfactory bulb.
Important differences seem to exist in the mechanisms under-
lying the laminar distribution of cortical and olfactory bulb inter-
neurons. First, olfactory bulb interneurons reside in layers that
lack projection neurons, which is in sharp contrast to most of
their neocortical counterparts (with the exception of cortical layer
I). This suggests that the hypothetical mechanism proposed to
regulate the allocation of most neocortical interneurons is un-
likely to apply in the olfactory bulb. Second, adult-born interneu-
rons reach their final position by traversing a territory that is
largely populated by fully mature, differentiated neurons. This
indicates that the mechanisms regulating the integration of inter-
neurons into their appropriate target layer in the olfactory bulb
are maintained through adulthood, at least for periglomerular
and granule cells.
Reelin is the only factor identified to date that seems to influ-
ence the laminar positioning of olfactory bulb interneurons.
In contrast to the cerebral cortex, where Reelin regulates the
distribution of pyramidal cells and only affects the location of
GABAergic interneurons in a non-cell-autonomous manner (Pla
et al., 2006), this glycoprotein seems to directly control the
migration of olfactory bulb interneurons. Indeed, mitral and
tufted cells adopt their final position independently of this
signaling system (Devor et al., 1975). Conversely, Reelin pro-
duced by these cells is required for interneurons to detachfrom the RMS and adopt their normal laminar position (Hack
et al., 2002; Hellwig et al., 2012). In reeler mutants, for example,
some TH+ and CB+ interneurons fail to reach the glomerular layer
and instead reside in the external plexiform layer; some defects
have also been reported in the distribution of CR+ interneurons in
the granular layer (Hellwig et al., 2012). Nevertheless, the posi-
tion of PV+ interneurons in the external plexiform layer, and
most periglomerular interneurons, is unaffected by the loss of
Reelin signaling, which suggests that the correct laminar distri-
bution of olfactory bulb interneurons depends on additional fac-
tors. Consistent with this idea, a population of glial cells located
in the olfactory nerve layer, the olfactory ensheathing cells,
releases a chemoattractive activity that attracts migrating neuro-
blasts in vitro (Zhu et al., 2010). This suggests that olfactory en-
sheathing cells may contribute to regulate the radial distribution
of interneurons in the surface of the olfactory bulb.
Functional Integration of Adult-Born Interneurons
As in the developing cortex, the integration of interneurons in the
olfactory bulb also seems under the influence of activity-depen-
dent mechanisms. Migrating neuroblasts are sensitive to the
action of neurotransmitters, although they seem to exert different
effects than in the cortex. There are no specific studies on the
expression of chloride transporters in adult-born interneurons,
but analysis of their expression in early postnatal stages sug-
gests that interneurons lack KCC2 when they arrive to the
olfactory bulb (Mejia-Gervacio et al., 2011). Consequently, inter-
neurons terminate their migration in the olfactory bulb in an envi-
ronment with a high concentration of ambient GABA and under
depolarizing conditions. Intriguingly, neuroblast migration is
reduced by the tonic depolarizing action of GABA acting on
GABAA receptors (Bolteus and Bordey, 2004; Mejia-Gervacio
et al., 2011). These results, which contrast the proposed role
for hyperpolarizing GABA as a stop signal for cortical interneu-
rons, reveal that the function of ambient neurotransmitters inNeuron 79, September 4, 2013 ª2013 Elsevier Inc. 857
Figure 7. Intrinsic Developmental Cell Death of Cortical GABAergic Interneurons
(A) Schematic diagrams of the experimental paradigm used to study the programmed cell death of cortical interneurons (Southwell et al., 2012). MGE donor cells
from GFP-expressing embryos were transplanted into the neocortex of early postnatal recipient mice, and their number and distribution were analyzed several
days later, together with the native interneuron population.
(B) Schematic diagrams of coronal sections through the neocortex of transplanted mice at three different time points during postnatal development. Approxi-
mately 40% of interneurons (native and transplanted) undergo programmed cell death during early postnatal development. However, each population of in-
terneurons undergoes cell death (red nucleus indicates active caspase-3) according to an internal clock that depends on the actual age of the interneurons, rather
than according to environmental influence. Since transplanted interneurons (dark green) were moved forward in development, they undergo programmed cell
death several days later than the native population (light green). The time window of cell death largely overlaps with the period of intense synaptogenesis,
suggesting that the survival of interneurons might be linked to their recruitment into circuits.
(C) The temporal windows of neuronal cell death for the native (blue) and transplanted (green) interneurons are out of phase due to heterochronic transplantation.
MGE, medial ganglionic eminence; I–IV, cortical layers I to IV.
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complex than previously thought.
Several studies have analyzed in detail the maturation and
integration of adult-born interneurons into the olfactory bulb
(Figure 6). The synaptic integration of newborn interneurons
occurs over a period of approximately 3 weeks (Petreanu and
Alvarez-Buylla, 2002), although newborn neurons already
receive glutamatergic and GABAergic synapses within 24 hr af-
ter leaving the RMS (Katagiri et al., 2011; Panzanelli et al., 2009).
As interneurons progressively settle into their final position, they
acquire functional properties that make them indistinguishable
from preexisting neurons (Belluzzi et al., 2003; Carleton et al.,
2003). Interestingly, the majority of functional outputs from
newborn interneurons at the end of their integration period and
their characteristics do not seem to change over time (Bardy
et al., 2010). In contrast, glutamatergic inputs onto newborn in-
terneurons display enhanced plasticity during this period of
maturation (Nissant et al., 2009), which may provide a basis for
adult neurogenesis-dependent olfactory learning.
General Principles in the Integration of Embryonic and
Adult GABAergic Interneurons
There are a number of emerging concepts that can be extracted
from our current understanding of the mechanisms controlling
the integration of GABAergic interneurons into the developing
neocortex and in themature olfactory bulb. In particular, it seems858 Neuron 79, September 4, 2013 ª2013 Elsevier Inc.clear that many of the features that distinguish the different clas-
ses of GABAergic interneurons, such as their intrinsic properties
and perhaps even their final allocation, are intrinsically deter-
mined.
Intrinsic Developmental Programs
Several stages in the development of GABAergic interneurons,
both in the cerebral cortex and the olfactory bulb, seem to be
regulated by the execution of a maturational program intrinsic
to inhibitory neurons. In other words, the behavior of interneu-
rons at any given time in development is better predicted by their
cellular age than by changes in the local environment. Since
interneurons are born asynchronously, this implies that the
developing cerebral cortex contains a mixture of interneurons
at diverse stages of maturation. These differences are obviously
exaggerated in the olfactory bulb, where adult-born interneurons
coexist with interneurons that were generated in the embryo.
The existence of an intrinsic maturational program in
GABAergic interneurons predicts that interneurons born at
different times would behave differently within the same environ-
ment. This has been observed, for example, in relation to the set-
tlement of interneurons in the cortical plate. Birthdating analyses
have shown that not all interneurons switch from tangential to
radial migration simultaneously in response to a common trigger.
Instead, interneurons invade the cortical plate when they are be-
tween 6 and 8 days old; therefore, early-born interneurons enter
the cortical plate before late-born interneurons (Lo´pez-Bendito
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tial to radial migration is largely determined by the age of inter-
neurons. Consistent with this idea, many late-born (embryonic
day 15.5, E15.5) interneurons transplanted into E12.5 embryos
settle in deep layers of the cortex instead of their normal super-
ficial location (Pla et al., 2006), probably because under these
circumstances they stop responding to the cues that support
their tangential migration at the same time as early-born (12.5)
interneurons, which settle in deep layers of the cortex. The
intrinsic developmental program may therefore influence the
settlement of interneurons in the cortex by regulating the respon-
siveness of each cohort of interneurons to cues present in the
cortex.
Transplantation experiments have also revealed that the death
of cortical interneurons in the early postnatal cortex might also
be under intrinsic control (Figure 7). Southwell and colleagues
(2012) observed that many cortical interneurons undergo pro-
grammed cell death in vivo between postnatal day 7 (P7) and
P11 in vivo, when interneurons are between 11 and 18 days
old. When transplanted into older cortices (P3), interneurons
undergo programmed cell death later than normal (P15), which
demonstrates that this process is intrinsically linked to the
cellular age of interneurons. Consistently, cortical interneurons
undergo programmed cell death in vitro with the same temporal
dynamics as in vivo (Southwell et al., 2012). In the adult olfactory
bulb, interneurons also die within a well-defined temporal win-
dow, approximately 15–30 days after birth (Petreanu and
Alvarez-Buylla, 2002).
Further evidence supporting the existence of an intrinsic
clock that controls the maturation of these cells comes from
the analysis of their modulation of ocular dominance plasticity.
During a critical period in the postnatal development of the
visual cortex, visual experience influences the organization of
thalamocortical axon terminals to produce alternating ocular
dominance domains (Hensch, 2005). Occlusion of one eye dur-
ing this period triggers a rapid reorganization of thalamic termi-
nals in the cortex, a process that is regulated by inhibitory
neurotransmission. In mice, ocular dominance plasticity peaks
between P26 and P28, when interneurons are roughly between
33 and 35 days of age. Transplantation of interneuron precur-
sors into the postnatal cortex reopens the critical period of
ocular dominance plasticity when transplanted interneurons
reach a cellular age equivalent to that of endogenous inhibitory
neurons during the normal critical period (Southwell et al.,
2010).
Recent efforts to derive cortical interneurons from human
pluripotent stem cells (hPSCs) or human-induced pluripotent
stem cells (hiPSCs) have also emphasized the ability of these
cells to differentiation according to an intrinsic program of
maturation. Both in vitro and after transplantation into the
rodent cortex, human GABAergic interneurons derived from
hPSCs or hiPSCs mature following a protracted timeline of
several months, thereby mimicking the endogenous human
neural development (Maroof et al., 2013; Nicholas et al.,
2013). Altogether, these findings suggest that multiple aspects
of the integration of interneurons in cortical networks are regu-
lated by the execution of a maturational program intrinsic to
inhibitory neurons.Adjusting Inhibition
Several mechanisms dynamically adjust the balance between
excitation and inhibition in the adult brain (Haider et al., 2006;
Turrigiano, 2011). However, it is likely that developmental pro-
grams are also coordinated to play an important role in this
process. Indeed, the relative density of pyramidal cells and inter-
neurons remains relatively constant from early stages of cortico-
genesis, when both classes of neurons are still migrating to their
final destination (Sahara et al., 2012). One possibility is that the
generation of both classes of neurons is coordinated through
some kind of feedback mechanism that balances proliferation
in the pallium and subpallium. Alternatively, the production of
factors controlling the migration of GABAergic interneurons to
the cortexmight be proportional to the number of pyramidal cells
generated. For example, it has been shown that cortical interme-
diate progenitor cells (IPCs) produce molecules that are required
for the normal migration of interneurons (Tiveron et al., 2006),
and mutants with reduced numbers of IPCs have a deficit in
cortical interneurons (Sessa et al., 2010).
Cell death is another prominent factor regulating neuronal
incorporation during development (Katz and Shatz, 1996; Voyvo-
dic, 1996). It has long been appreciated that a sizable proportion
of inhibitory neurons is eliminated from the cerebral cortex
through apoptosis during the period of synaptogenesis (Miller,
1995), and recent work estimated that approximately 40% of
the interneurons in the cortex perish around this time (Southwell
et al., 2012). Similarly, only about half of the adult-born granule
cells survive more than a few days after reaching the olfactory
bulb (Petreanu and Alvarez-Buylla, 2002).
The mechanisms controlling the death of newborn olfactory
bulb interneurons have been studied with some detail. There
seems to exist a critical period during which sensory activity in-
fluences the survival of newborn interneurons (Kelsch et al.,
2009; Yamaguchi and Mori, 2005), which largely overlaps with
the period when interneurons become synaptically integrated
into the olfactory bulb (15–30 days after birth). During this period,
interneurons arriving to the olfactory bulb (i.e., roughly born at
the same time) compete for survival, probably because newborn
interneurons are more sensitive to the overall activity of nearby
circuits than mature olfactory interneurons. In agreement with
this idea, interneurons that survived this period tend to persist
for life (Winner et al., 2002). Thus, both the synaptic integration
and the survival of newborn interneurons seem to depend on
sensory activity mechanisms, which are intrinsically linked to
the cell excitability. Consistent with this, synaptic development
and survival of newly generated neurons are dramatically
impaired in anosmic mice (Corotto et al., 1994; Petreanu and
Alvarez-Buylla, 2002), while sensory enrichment promotes the
survival of newborn olfactory interneurons (Bovetti et al., 2009;
Rochefort et al., 2002). Moreover, increasing cell-intrinsic excit-
ability in maturing granule cells enhances their synaptic integra-
tion and partially rescues neuronal survival in a sensory-deprived
olfactory bulb (Kelsch et al., 2009; Lin et al., 2010), while forced
hyperpolarization decreases survival (Lin et al., 2010). Since
most interneurons have already matured and received connec-
tions by the time they die, it has been hypothesized that only
interneurons connected to active circuits would ultimately sur-
vive (Petreanu and Alvarez-Buylla, 2002), an idea that hasNeuron 79, September 4, 2013 ª2013 Elsevier Inc. 859
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et al., 2007). Thus, the death of adult-born interneurons seems
to be intimately linked to mechanisms of structural plasticity in
the olfactory bulb.
It is presently unclear whether programmed cell death in
developing cortical interneurons depends on similar mecha-
nisms than in the olfactory bulb, but recent experiments pointed
out an interesting parallel between both structures. Southwell
and colleagues (2012) found that heterochronically transplanted
interneurons do not influence cell death dynamics in the endog-
enous population (Figure 7). This seems to suggest that the
competition for survival is normally restricted to cortical interneu-
rons born roughly at the same time, as in the olfactory bulb. Thus,
it is conceivable that cell death selectively eliminate inappropri-
ately integrated cortical interneurons within specific lineages,
although this hypothesis remains to be experimentally tested.
In any case, these results reinforce the view that the integration
of interneurons into cortical networks critically depends on a
maturational program linked to their cellular age.
A Look Ahead
Much progress has beenmade over the past years regarding our
understanding of the mechanisms regulating the migration of
embryonic and adult-born GABAergic interneurons. However,
our understanding of the integration of these cells into functional
circuits in the cerebral cortex and olfactory bulb, respectively, is
very limited. We know basically nothing about the mechanisms
through which interneurons adopt their precise laminar distribu-
tions and how this process influences functional connectivity
patterns between interneurons and pyramidal cells. Recent
work has led to the suggestion that SST+ and PV+ interneurons
connect promiscuously to nearby pyramidal cells (Fino and
Yuste, 2011; Packer and Yuste, 2011); therefore, the connectiv-
ity maps of interneurons could simply result from the overlap of
axonal and dendritic arborizations between both cell types
(Packer et al., 2012). According to this principle, the laminar allo-
cation of interneurons might be irrelevant for their functional inte-
gration into cortical networks, i.e., similar interneurons located in
different layers might be interchangeable. On the other hand, it is
well established that different classes of interneurons receive
distinct excitatory and inhibitory laminar input patterns (Xu and
Callaway, 2009; Yoshimura and Callaway, 2005). In agreement
with this notion, a remarkable degree of specificity in the cellular
selection of postsynaptic targets for at least some classes of in-
terneurons seems to exist. For example, layer IV neurogliaform
and SST+ interneurons selectively target local PV+ basket cells
while largely avoiding pyramidal cells in this layer (Chittajallu
et al., 2013; Xu et al., 2013). In contrast to the promiscuous
view of cellular targeting by cortical interneurons (Packer et al.,
2012), these observations suggest that the fine-scale connectiv-
ity of cortical networksmight be directly influenced by the appro-
priate laminar allocation of interneurons. Future experiments
should contribute to solve this apparent paradox.ACKNOWLEDGMENTS
We are grateful to members of the Marı´n and Rico laboratories for stimulating
discussions and ideas. Our research on this topic is supported by grants from860 Neuron 79, September 4, 2013 ª2013 Elsevier Inc.the Spanish Ministry of Economy and Competiveness (MINECO; SAF2011-
28845 and CONSOLIDER CSD2007-00023) and the European Research
Council (ERC-2011-AdG 293683). G.C. is a recipient of a ‘‘Formacio´n de Per-
sonal Investigador’’ (FPI) fellowship from MINECO.
REFERENCES
Altman, J. (1969). Autoradiographic and histological studies of postnatal neu-
rogenesis. IV. Cell proliferation and migration in the anterior forebrain, with
special reference to persisting neurogenesis in the olfactory bulb. J. Comp.
Neurol. 137, 433–457.
Alvarez-Dolado, M., Calcagnotto, M.E., Karkar, K.M., Southwell, D.G., Jones-
Davis, D.M., Estrada, R.C., Rubenstein, J.L., Alvarez-Buylla, A., and Baraban,
S.C. (2006). Cortical inhibition modified by embryonic neural precursors
grafted into the postnatal brain. J. Neurosci. 26, 7380–7389.
Armstrong, C., Krook-Magnuson, E., and Soltesz, I. (2012). Neurogliaform and
Ivy cells: A major family of nNOS expressing GABAergic neurons. Front Neural
Circuits 6, 23.
Ascoli, G.A., Alonso-Nanclares, L., Anderson, S.A., Barrionuevo, G., Bena-
vides-Piccione, R., Burkhalter, A., Buzsa´ki, G., Cauli, B., Defelipe, J., Faire´n,
A., et al.; Petilla Interneuron Nomenclature Group. (2008). Petilla terminology:
nomenclature of features of GABAergic interneurons of the cerebral cortex.
Nat. Rev. Neurosci. 9, 557–568.
Bardy, C., Alonso, M., Bouthour, W., and Lledo, P.M. (2010). How, when, and
where new inhibitory neurons release neurotransmitters in the adult olfactory
bulb. J. Neurosci. 30, 17023–17034.
Batista-Brito, R., and Fishell, G. (2009). The developmental integration of
cortical interneurons into a functional network. Curr. Top. Dev. Biol. 87,
81–118.
Batista-Brito, R., Close, J., Machold, R., and Fishell, G. (2008). The distinct
temporal origins of olfactory bulb interneuron subtypes. J. Neurosci. 28,
3966–3975.
Bayer, S.A., and Altman, J. (1987). Directions in neurogenetic gradients and
patterns of anatomical connections in the telencephalon. Prog. Neurobiol.
29, 57–106.
Belluzzi, O., Benedusi, M., Ackman, J., and LoTurco, J.J. (2003). Electrophys-
iological differentiation of new neurons in the olfactory bulb. J. Neurosci. 23,
10411–10418.
Belvindrah, R., Lazarini, F., and Lledo, P.M. (2009). Postnatal neurogenesis:
from neuroblast migration to neuronal integration. Rev. Neurosci. 20, 331–346.
Ben-Ari, Y. (2002). Excitatory actions of gaba during development: the nature
of the nurture. Nat. Rev. Neurosci. 3, 728–739.
Binzegger, T., Douglas, R.J., andMartin, K.A. (2004). A quantitative map of the
circuit of cat primary visual cortex. J. Neurosci. 24, 8441–8453.
Bolteus, A.J., and Bordey, A. (2004). GABA release and uptake regulate
neuronal precursor migration in the postnatal subventricular zone.
J. Neurosci. 24, 7623–7631.
Bortone, D., and Polleux, F. (2009). KCC2 expression promotes the termina-
tion of cortical interneuron migration in a voltage-sensitive calcium-dependent
manner. Neuron 62, 53–71.
Bovetti, S., Veyrac, A., Peretto, P., Fasolo, A., and De Marchis, S. (2009).
Olfactory enrichment influences adult neurogenesis modulating GAD67 and
plasticity-related molecules expression in newborn cells of the olfactory
bulb. PLoS ONE 4, e6359.
Brown, K.N., Chen, S., Han, Z., Lu, C.H., Tan, X., Zhang, X.J., Ding, L., Lopez-
Cruz, A., Saur, D., Anderson, S.A., et al. (2011). Clonal production and organi-
zation of inhibitory interneurons in the neocortex. Science 334, 480–486.
Buhl, E.H., Halasy, K., and Somogyi, P. (1994). Diverse sources of hippocam-
pal unitary inhibitory postsynaptic potentials and the number of synaptic
release sites. Nature 368, 823–828.
Butt, S.J., Fuccillo, M., Nery, S., Noctor, S., Kriegstein, A., Corbin, J.G., and
Fishell, G. (2005). The temporal and spatial origins of cortical interneurons
predict their physiological subtype. Neuron 48, 591–604.
Neuron
ReviewCarleton, A., Petreanu, L.T., Lansford, R., Alvarez-Buylla, A., and Lledo, P.M.
(2003). Becoming a new neuron in the adult olfactory bulb. Nat. Neurosci. 6,
507–518.
Chen, W.R., and Shepherd, G.M. (2005). The olfactory glomerulus: a cortical
module with specific functions. J. Neurocytol. 34, 353–360.
Chittajallu, R., Pelkey, K.A., and McBain, C.J. (2013). Neurogliaform cells
dynamically regulate somatosensory integration via synapse-specificmodula-
tion. Nat. Neurosci. 16, 13–15.
Ciceri, G., Dehorter, N., Sols, I., Huang, J.Z., Maravall, M., and Marı´n, O.
(2013). Lineage-specific laminar organization of cortical GABAergic interneu-
rons. Nat. Neurosci.. http://dx.doi.org/10.1038/nn.3485.
Corotto, F.S., Henegar, J.R., andMaruniak, J.A. (1994). Odor deprivation leads
to reduced neurogenesis and reduced neuronal survival in the olfactory bulb of
the adult mouse. Neuroscience 61, 739–744.
Cuzon, V.C., Yeh, P.W., Cheng, Q., and Yeh, H.H. (2006). Ambient GABA pro-
motes cortical entry of tangentially migrating cells derived from the medial
ganglionic eminence. Cereb. Cortex 16, 1377–1388.
Daniel, D., Rossel, M., Seki, T., and Ko¨nig, N. (2005). Stromal cell-derived fac-
tor-1 (SDF-1) expression in embryonic mouse cerebral cortex starts in the
intermediate zone close to the pallial-subpallial boundary and extends pro-
gressively towards the cortical hem. Gene Expr. Patterns 5, 317–322.
Dantzker, J.L., and Callaway, E.M. (2000). Laminar sources of synaptic input to
cortical inhibitory interneurons and pyramidal neurons. Nat. Neurosci. 3,
701–707.
de Lima, A.D., Gieseler, A., and Voigt, T. (2009). Relationship between
GABAergic interneurons migration and early neocortical network activity.
Dev. Neurobiol. 69, 105–123.
De Marchis, S., Bovetti, S., Carletti, B., Hsieh, Y.C., Garzotto, D., Peretto, P.,
Fasolo, A., Puche, A.C., and Rossi, F. (2007). Generation of distinct types of
periglomerular olfactory bulb interneurons during development and in adult
mice: implication for intrinsic properties of the subventricular zone progenitor
population. J. Neurosci. 27, 657–664.
De Marco Garcı´a, N.V., Karayannis, T., and Fishell, G. (2011). Neuronal activity
is required for the development of specific cortical interneuron subtypes.
Nature 472, 351–355.
DeFelipe, J., Lo´pez-Cruz, P.L., Benavides-Piccione, R., Bielza, C., Larran˜aga,
P., Anderson, S., Burkhalter, A., Cauli, B., Faire´n, A., Feldmeyer, D., et al.
(2013). New insights into the classification and nomenclature of cortical
GABAergic interneurons. Nat. Rev. Neurosci. 14, 202–216.
Devor, M., Caviness, V.S., Jr., and Derer, P. (1975). A normally laminated
afferent projection to an abnormally laminated cortex: some olfactory connec-
tions in the reeler mouse. J. Comp. Neurol. 164, 471–482.
Doetsch, F., and Alvarez-Buylla, A. (1996). Network of tangential pathways for
neuronal migration in adult mammalian brain. Proc. Natl. Acad. Sci. USA 93,
14895–14900.
Faire´n, A., Cobas, A., and Fonseca, M. (1986). Times of generation of glutamic
acid decarboxylase immunoreactive neurons inmouse somatosensory cortex.
J. Comp. Neurol. 251, 67–83.
Fino, E., and Yuste, R. (2011). Dense inhibitory connectivity in neocortex.
Neuron 69, 1188–1203.
Fishell, G., and Rudy, B. (2011). Mechanisms of inhibition within the telenceph-
alon: ‘‘where the wild things are’’. Annu. Rev. Neurosci. 34, 535–567.
Flames, N., Pla, R., Gelman, D.M., Rubenstein, J.L., Puelles, L., and Marı´n, O.
(2007). Delineation of multiple subpallial progenitor domains by the combina-
torial expression of transcriptional codes. J. Neurosci. 27, 9682–9695.
Flandin, P., Kimura, S., and Rubenstein, J.L. (2010). The progenitor zone of the
ventral medial ganglionic eminence requires Nkx2-1 to generate most of the
globus pallidus but few neocortical interneurons. J. Neurosci. 30, 2812–2823.
Fogarty, M., Grist, M., Gelman, D., Marı´n, O., Pachnis, V., and Kessaris, N.
(2007). Spatial genetic patterning of the embryonic neuroepithelium generates
GABAergic interneuron diversity in the adult cortex. J. Neurosci. 27, 10935–
10946.Franco, S.J., and Mu¨ller, U. (2011). Extracellular matrix functions during
neuronal migration and lamination in the mammalian central nervous system.
Dev. Neurobiol. 71, 889–900.
Franco, S.J., Gil-Sanz, C., Martinez-Garay, I., Espinosa, A., Harkins-Perry,
S.R., Ramos, C., and Mu¨ller, U. (2012). Fate-restricted neural progenitors in
the mammalian cerebral cortex. Science 337, 746–749.
Gelman, D.M., and Marı´n, O. (2010). Generation of interneuron diversity in the
mouse cerebral cortex. Eur. J. Neurosci. 31, 2136–2141.
Gelman, D.M., Martini, F.J., No´brega-Pereira, S., Pierani, A., Kessaris, N., and
Marı´n, O. (2009). The embryonic preoptic area is a novel source of cortical
GABAergic interneurons. J. Neurosci. 29, 9380–9389.
Gelman, D., Griveau, A., Dehorter, N., Teissier, A., Varela, C., Pla, R., Pierani,
A., and Marı´n, O. (2011). A wide diversity of cortical GABAergic interneurons
derives from the embryonic preoptic area. J. Neurosci. 31, 16570–16580.
Gong, Q., and Shipley, M.T. (1995). Evidence that pioneer olfactory axons
regulate telencephalon cell cycle kinetics to induce the formation of the olfac-
tory bulb. Neuron 14, 91–101.
Hack, I., Bancila, M., Loulier, K., Carroll, P., and Cremer, H. (2002). Reelin is a
detachment signal in tangential chain-migration during postnatal neurogene-
sis. Nat. Neurosci. 5, 939–945.
Hack, M.A., Saghatelyan, A., de Chevigny, A., Pfeifer, A., Ashery-Padan, R.,
Lledo, P.M., and Go¨tz, M. (2005). Neuronal fate determinants of adult olfactory
bulb neurogenesis. Nat. Neurosci. 8, 865–872.
Haider, B., Duque, A., Hasenstaub, A.R., and McCormick, D.A. (2006).
Neocortical network activity in vivo is generated through a dynamic balance
of excitation and inhibition. J. Neurosci. 26, 4535–4545.
Hellwig, S., Hack, I., Zucker, B., Brunne, B., and Junghans, D. (2012). Reelin
together with ApoER2 regulates interneuron migration in the olfactory bulb.
PLoS ONE 7, e50646.
Hendry, S.H., Schwark, H.D., Jones, E.G., and Yan, J. (1987). Numbers and
proportions of GABA-immunoreactive neurons in different areas of monkey
cerebral cortex. J. Neurosci. 7, 1503–1519.
Hensch, T.K. (2005). Critical period plasticity in local cortical circuits. Nat. Rev.
Neurosci. 6, 877–888.
Hevner, R.F., Daza, R.A., Englund, C., Kohtz, J., and Fink, A. (2004). Postnatal
shifts of interneuron position in the neocortex of normal and reeler mice:
evidence for inward radial migration. Neuroscience 124, 605–618.
Huang, L., Garcia, I., Jen, H.I., and Arenkiel, B.R. (2013). Reciprocal connec-
tivity between mitral cells and external plexiform layer interneurons in the
mouse olfactory bulb. Front Neural Circuits 7, 32.
Igarashi, K.M., Ieki, N., An, M., Yamaguchi, Y., Nagayama, S., Kobayakawa,
K., Kobayakawa, R., Tanifuji, M., Sakano, H., Chen, W.R., and Mori, K.
(2012). Parallel mitral and tufted cell pathways route distinct odor information
to different targets in the olfactory cortex. J. Neurosci. 32, 7970–7985.
Imamura, F., Nagao, H., Naritsuka, H., Murata, Y., Taniguchi, H., and Mori, K.
(2006). A leucine-rich repeat membrane protein, 5T4, is expressed by a sub-
type of granule cells with dendritic arbors in specific strata of the mouse olfac-
tory bulb. J. Comp. Neurol. 495, 754–768.
Inamura, N., Kimura, T., Tada, S., Kurahashi, T., Yanagida, M., Yanagawa, Y.,
Ikenaka, K., and Murakami, F. (2012). Intrinsic and extrinsic mechanisms con-
trol the termination of cortical interneuron migration. J. Neurosci. 32, 6032–
6042.
Inan, M., Welagen, J., and Anderson, S.A. (2012). Spatial and temporal bias in
the mitotic origins of somatostatin- and parvalbumin-expressing interneuron
subgroups and the chandelier subtype in the medial ganglionic eminence.
Cereb. Cortex 22, 820–827.
Inta, D., Alfonso, J., von Engelhardt, J., Kreuzberg, M.M., Meyer, A.H., van
Hooft, J.A., and Monyer, H. (2008). Neurogenesis and widespread forebrain
migration of distinct GABAergic neurons from the postnatal subventricular
zone. Proc. Natl. Acad. Sci. USA 105, 20994–20999.
Jankovski, A., and Sotelo, C. (1996). Subventricular zone-olfactory bulbmigra-
tory pathway in the adult mouse: cellular composition and specificity asNeuron 79, September 4, 2013 ª2013 Elsevier Inc. 861
Neuron
Reviewdetermined by heterochronic and heterotopic transplantation. J. Comp. Neu-
rol. 371, 376–396.
Jones, E.G. (1984). Laminar distribution of cortical efferent cells. In Cerebral
Cortex, Vol 1: Cellular components of the cerebral cortex, A. Peters and
E.G. Jones, eds. (New York: Plenum Press), pp. 521–553.
Katagiri, H., Pallotto, M., Nissant, A., Murray, K., Sassoe`-Pognetto, M., and
Lledo, P.M. (2011). Dynamic development of the first synapse impinging on
adult-born neurons in the olfactory bulb circuit. Neural Syst Circuits 1, 6.
Katz, L.C., and Shatz, C.J. (1996). Synaptic activity and the construction of
cortical circuits. Science 274, 1133–1138.
Kee, N., Teixeira, C.M., Wang, A.H., and Frankland, P.W. (2007). Preferential
incorporation of adult-generated granule cells into spatial memory networks
in the dentate gyrus. Nat. Neurosci. 10, 355–362.
Kelsch, W., Lin, C.W., Mosley, C.P., and Lois, C. (2009). A critical period for
activity-dependent synaptic development during olfactory bulb adult neuro-
genesis. J. Neurosci. 29, 11852–11858.
Klausberger, T., and Somogyi, P. (2008). Neuronal diversity and temporal
dynamics: the unity of hippocampal circuit operations. Science 321, 53–57.
Kohwi, M., Petryniak, M.A., Long, J.E., Ekker, M., Obata, K., Yanagawa, Y.,
Rubenstein, J.L., and Alvarez-Buylla, A. (2007). A subpopulation of olfactory
bulb GABAergic interneurons is derived from Emx1- and Dlx5/6-expressing
progenitors. J. Neurosci. 27, 6878–6891.
Kosaka, T., and Kosaka, K. (2005). Structural organization of the glomerulus in
the main olfactory bulb. Chem. Senses 30(Suppl 1 ), i107–i108.
Kosaka, T., and Kosaka, K. (2008). Heterogeneity of parvalbumin-containing
neurons in the mouse main olfactory bulb, with special reference to short-
axon cells and betaIV-spectrin positive dendritic segments. Neurosci. Res.
60, 56–72.
Krosnowski, K., Ashby, S., Sathyanesan, A., Luo, W., Ogura, T., and Lin, W.
(2012). Diverse populations of intrinsic cholinergic interneurons in the mouse
olfactory bulb. Neuroscience 213, 161–178.
Lavdas, A.A., Grigoriou, M., Pachnis, V., and Parnavelas, J.G. (1999). The
medial ganglionic eminence gives rise to a population of early neurons in the
developing cerebral cortex. J. Neurosci. 19, 7881–7888.
LeMagueresse, C., Alfonso, J., Khodosevich, K., ArroyoMartı´n, A.A., Bark, C.,
and Monyer, H. (2011). ‘‘Small axonless neurons’’: postnatally generated
neocortical interneurons with delayed functional maturation. J. Neurosci. 31,
16731–16747.
Lee, S., Hjerling-Leffler, J., Zagha, E., Fishell, G., and Rudy, B. (2010). The
largest group of superficial neocortical GABAergic interneurons expresses
ionotropic serotonin receptors. J. Neurosci. 30, 16796–16808.
Lemasson, M., Saghatelyan, A., Olivo-Marin, J.C., and Lledo, P.M. (2005).
Neonatal and adult neurogenesis provide two distinct populations of newborn
neurons to the mouse olfactory bulb. J. Neurosci. 25, 6816–6825.
Li, G., Adesnik, H., Li, J., Long, J., Nicoll, R.A., Rubenstein, J.L.R., and Plea-
sure, S.J. (2008). Regional distribution of cortical interneurons and develop-
ment of inhibitory tone are regulated by Cxcl12/Cxcr4 signaling. J. Neurosci.
28, 1085–1098.
Li, X., Sun, C., Lin, C., Ma, T., Madhavan, M.C., Campbell, K., and Yang, Z.
(2011). The transcription factor Sp8 is required for the production of parvalbu-
min-expressing interneurons in the olfactory bulb. J. Neurosci. 31, 8450–8455.
Liberia, T., Blasco-Iba´n˜ez, J.M., Na´cher, J., Varea, E., Zwafink, V., and Crespo,
C. (2012). Characterization of a population of tyrosine hydroxylase-containing
interneurons in the external plexiform layer of the rat olfactory bulb. Neurosci-
ence 217, 140–153.
Lin, C.W., Sim, S., Ainsworth, A., Okada, M., Kelsch, W., and Lois, C. (2010).
Genetically increased cell-intrinsic excitability enhances neuronal integration
into adult brain circuits. Neuron 65, 32–39.
Lledo, P.M., Merkle, F.T., and Alvarez-Buylla, A. (2008). Origin and function of
olfactory bulb interneuron diversity. Trends Neurosci. 31, 392–400.
Lodato, S., Rouaux, C., Quast, K.B., Jantrachotechatchawan, C., Studer, M.,
Hensch, T.K., and Arlotta, P. (2011). Excitatory projection neuron subtypes862 Neuron 79, September 4, 2013 ª2013 Elsevier Inc.control the distribution of local inhibitory interneurons in the cerebral cortex.
Neuron 69, 763–779.
Lois, C., and Alvarez-Buylla, A. (1994). Long-distance neuronal migration in the
adult mammalian brain. Science 264, 1145–1148.
Lois, C., Garcı´a-Verdugo, J.M., and Alvarez-Buylla, A. (1996). Chain migration
of neuronal precursors. Science 271, 978–981.
Long, J.E., Garel, S., Alvarez-Dolado, M., Yoshikawa, K., Osumi, N., Alvarez-
Buylla, A., and Rubenstein, J.L. (2007). Dlx-dependent and -independent regu-
lation of olfactory bulb interneuron differentiation. J. Neurosci. 27, 3230–3243.
Lo´pez-Bendito, G., Sa´nchez-Alcan˜iz, J.A., Pla, R., Borrell, V., Pico´, E., Valdeol-
millos, M., and Marı´n, O. (2008). Chemokine signaling controls intracortical
migration and final distribution of GABAergic interneurons. J. Neurosci. 28,
1613–1624.
Lourenc¸o, M.R., Garcez, P.P., Lent, R., and Uziel, D. (2012). Temporal and
spatial regulation of interneuron distribution in the developing cerebral cor-
tex—an in vitro study. Neuroscience 201, 357–365.
Luskin, M.B. (1993). Restricted proliferation and migration of postnatally
generated neurons derived from the forebrain subventricular zone. Neuron
11, 173–189.
Ma, Y., Hu, H., Berrebi, A.S., Mathers, P.H., and Agmon, A. (2006). Distinct
subtypes of somatostatin-containing neocortical interneurons revealed in
transgenic mice. J. Neurosci. 26, 5069–5082.
Manent, J.B., Demarque, M., Jorquera, I., Pellegrino, C., Ben-Ari, Y., Aniksz-
tejn, L., and Represa, A. (2005). A noncanonical release of GABA and gluta-
mate modulates neuronal migration. J. Neurosci. 25, 4755–4765.
Marı´n, O. (2013). Cellular and molecular mechanisms controlling the migration
of neocortical interneurons. Eur. J. Neurosci. 38, 2019–2029.
Marı´n, O., and Rubenstein, J.L.R. (2001). A long, remarkable journey: tangen-
tial migration in the telencephalon. Nat. Rev. Neurosci. 2, 780–790.
Marı´n, O., Anderson, S.A., and Rubenstein, J.L.R. (2000). Origin andmolecular
specification of striatal interneurons. J. Neurosci. 20, 6063–6076.
Marı´n, O., Yaron, A., Bagri, A., Tessier-Lavigne, M., and Rubenstein, J.L.
(2001). Sorting of striatal and cortical interneurons regulated by semaphorin-
neuropilin interactions. Science 293, 872–875.
Markram, H., Toledo-Rodriguez, M., Wang, Y., Gupta, A., Silberberg, G., and
Wu, C. (2004). Interneurons of the neocortical inhibitory system. Nat. Rev. Neu-
rosci. 5, 793–807.
Maroof, A.M., Keros, S., Tyson, J.A., Ying, S.W., Ganat, Y.M., Merkle, F.T., Liu,
B., Goulburn, A., Stanley, E.G., Elefanty, A.G., et al. (2013). Directed differen-
tiation and functional maturation of cortical interneurons from human embry-
onic stem cells. Cell Stem Cell 12, 559–572.
Meechan, D.W., Tucker, E.S., Maynard, T.M., and LaMantia, A.S. (2012).
Cxcr4 regulation of interneuron migration is disrupted in 22q11.2 deletion syn-
drome. Proc. Natl. Acad. Sci. USA 109, 18601–18606.
Mejia-Gervacio, S., Murray, K., and Lledo, P.M. (2011). NKCC1 controls
GABAergic signaling and neuroblast migration in the postnatal forebrain. Neu-
ral Dev. 6, 4.
Merkle, F.T., Mirzadeh, Z., and Alvarez-Buylla, A. (2007). Mosaic organization
of neural stem cells in the adult brain. Science 317, 381–384.
Miller, M.W. (1985). Cogeneration of retrogradely labeled corticocortical
projection and GABA-immunoreactive local circuit neurons in cerebral cortex.
Brain Res. 355, 187–192.
Miller, M.W. (1995). Relationship of the time of origin and death of neurons in
rat somatosensory cortex: barrel versus septal cortex and projection versus
local circuit neurons. J. Comp. Neurol. 355, 6–14.
Miyoshi, G., and Fishell, G. (2011). GABAergic interneuron lineages selectively
sort into specific cortical layers during early postnatal development. Cereb.
Cortex 21, 845–852.
Miyoshi, G., Hjerling-Leffler, J., Karayannis, T., Sousa, V.H., Butt, S.J., Bat-
tiste, J., Johnson, J.E., Machold, R.P., and Fishell, G. (2010). Genetic fate
mapping reveals that the caudal ganglionic eminence produces a large and
Neuron
Reviewdiverse population of superficial cortical interneurons. J. Neurosci. 30, 1582–
1594.
Mizuguchi, R., Naritsuka, H., Mori, K., Mao, C.A., Klein, W.H., and Yoshihara,
Y. (2012). Tbr2 deficiency in mitral and tufted cells disrupts excitatory-inhibi-
tory balance of neural circuitry in the mouse olfactory bulb. J. Neurosci. 32,
8831–8844.
Molyneaux, B.J., Arlotta, P., Menezes, J.R., andMacklis, J.D. (2007). Neuronal
subtype specification in the cerebral cortex. Nat. Rev. Neurosci. 8, 427–437.
Mori, K., and Sakano, H. (2011). How is the olfactory map formed and inter-
preted in the mammalian brain? Annu. Rev. Neurosci. 34, 467–499.
Mountcastle, V.B. (1997). The columnar organization of the neocortex. Brain
120, 701–722.
Nery, S., Fishell, G., and Corbin, J.G. (2002). The caudal ganglionic eminence
is a source of distinct cortical and subcortical cell populations. Nat. Neurosci.
5, 1279–1287.
Nicholas, C.R., Chen, J., Tang, Y., Southwell, D.G., Chalmers, N., Vogt, D.,
Arnold, C.M., Chen, Y.J., Stanley, E.G., Elefanty, A.G., et al. (2013). Functional
maturation of hPSC-derived forebrain interneurons requires an extended time-
line and mimics human neural development. Cell Stem Cell 12, 573–586.
Nissant, A., Bardy, C., Katagiri, H., Murray, K., and Lledo, P.M. (2009). Adult
neurogenesis promotes synaptic plasticity in the olfactory bulb. Nat. Neurosci.
12, 728–730.
No´brega-Pereira, S., Kessaris, N., Du, T., Kimura, S., Anderson, S.A., and
Marı´n, O. (2008). Postmitotic Nkx2-1 controls the migration of telencephalic
interneurons by direct repression of guidance receptors. Neuron 59, 733–745.
Noctor, S.C., Palmer, S.L., McLaughlin, D.F., and Juliano, S.L. (2001). Disrup-
tion of layers 3 and 4 during development results in altered thalamocortical
projections in ferret somatosensory cortex. J. Neurosci. 21, 3184–3195.
Packer, A.M., and Yuste, R. (2011). Dense, unspecific connectivity of neocor-
tical parvalbumin-positive interneurons: a canonical microcircuit for inhibition?
J. Neurosci. 31, 13260–13271.
Packer, A.M., McConnell, D.J., Fino, E., and Yuste, R. (2012). Axo-dendritic
overlap and laminar projection can explain interneuron connectivity to pyrami-
dal Cells. Cereb. Cortex. Published online August 31, 2012. http://dx.doi.org/
10.1093/cercor/bhs210.
Panzanelli, P., Bardy, C., Nissant, A., Pallotto, M., Sassoe`-Pognetto,M., Lledo,
P.M., and Fritschy, J.M. (2009). Early synapse formation in developing inter-
neurons of the adult olfactory bulb. J. Neurosci. 29, 15039–15052.
Petreanu, L., and Alvarez-Buylla, A. (2002). Maturation and death of adult-born
olfactory bulb granule neurons: role of olfaction. J. Neurosci. 22, 6106–6113.
Pla, R., Borrell, V., Flames, N., and Marı´n, O. (2006). Layer acquisition by
cortical GABAergic interneurons is independent of Reelin signaling.
J. Neurosci. 26, 6924–6934.
Pleasure, S.J., Anderson, S., Hevner, R., Bagri, A., Marı´n, O., Lowenstein,
D.H., and Rubenstein, J.L. (2000). Cell migration from the ganglionic
eminences is required for the development of hippocampal GABAergic inter-
neurons. Neuron 28, 727–740.
Pressler, R.T., and Strowbridge, B.W. (2006). Blanes cells mediate persistent
feedforward inhibition onto granule cells in the olfactory bulb. Neuron 49,
889–904.
Price, J.L., and Powell, T.P. (1970). The synaptology of the granule cells of the
olfactory bulb. J. Cell Sci. 7, 125–155.
Rakic, P. (1988). Specification of cerebral cortical areas. Science 241,
170–176.
Rakic, P. (2006). A century of progress in corticoneurogenesis: from silver
impregnation to genetic engineering. Cereb. Cortex 16(Suppl 1 ), i3–i17.
Rakic, P. (2007). The radial edifice of cortical architecture: from neuronal
silhouettes to genetic engineering. Brain Res. Brain Res. Rev. 55, 204–219.
Riccio, O., Murthy, S., Szabo, G., Vutskits, L., Kiss, J.Z., Vitalis, T., Lebrand, C.,
and Dayer, A.G. (2012). New pool of cortical interneuron precursors in the early
postnatal dorsal white matter. Cereb. Cortex 22, 86–98.Rochefort, C., Gheusi, G., Vincent, J.D., and Lledo, P.M. (2002). Enriched odor
exposure increases the number of newborn neurons in the adult olfactory bulb
and improves odor memory. J. Neurosci. 22, 2679–2689.
Rudy, B., Fishell, G., Lee, S., and Hjerling-Leffler, J. (2011). Three groups of
interneurons account for nearly 100% of neocortical GABAergic neurons.
Dev. Neurobiol. 71, 45–61.
Rymar, V.V., and Sadikot, A.F. (2007). Laminar fate of cortical GABAergic inter-
neurons is dependent on both birthdate and phenotype. J. Comp. Neurol. 501,
369–380.
Sahara, S., Yanagawa, Y., O’Leary, D.D., and Stevens, C.F. (2012). The frac-
tion of cortical GABAergic neurons is constant from near the start of cortical
neurogenesis to adulthood. J. Neurosci. 32, 4755–4761.
Sa´nchez-Alcan˜iz, J.A., Haege, S., Mueller, W., Pla, R., Mackay, F., Schulz, S.,
Lo´pez-Bendito, G., Stumm, R., and Marı´n, O. (2011). Cxcr7 controls neuronal
migration by regulating chemokine responsiveness. Neuron 69, 77–90.
Sessa, A., Mao, C.A., Colasante, G., Nini, A., Klein, W.H., and Broccoli, V.
(2010). Tbr2-positive intermediate (basal) neuronal progenitors safeguard
cerebral cortex expansion by controlling amplification of pallial glutamatergic
neurons and attraction of subpallial GABAergic interneurons. Genes Dev. 24,
1816–1826.
Shepherd, G.M., Chen, W.R., Willhite, D., Migliore, M., and Greer, C.A. (2007).
The olfactory granule cell: from classical enigma to central role in olfactory pro-
cessing. Brain Res. Brain Res. Rev. 55, 373–382.
Somogyi, P., Tama´s, G., Lujan, R., and Buhl, E.H. (1998). Salient features of
synaptic organisation in the cerebral cortex. Brain Res. Brain Res. Rev. 26,
113–135.
Soriano, E., and Del Rı´o, J.A. (2005). The cells of cajal-retzius: still a mystery
one century after. Neuron 46, 389–394.
Southwell, D.G., Froemke, R.C., Alvarez-Buylla, A., Stryker, M.P., and Gandhi,
S.P. (2010). Cortical plasticity induced by inhibitory neuron transplantation.
Science 327, 1145–1148.
Southwell, D.G., Paredes, M.F., Galvao, R.P., Jones, D.L., Froemke, R.C.,
Sebe, J.Y., Alfaro-Cervello, C., Tang, Y., Garcia-Verdugo, J.M., Rubenstein,
J.L., et al. (2012). Intrinsically determined cell death of developing cortical in-
terneurons. Nature 491, 109–113.
Stancik, E.K., Navarro-Quiroga, I., Sellke, R., and Haydar, T.F. (2010). Hetero-
geneity in ventricular zone neural precursors contributes to neuronal fate diver-
sity in the postnatal neocortex. J. Neurosci. 30, 7028–7036.
Stenman, J., Toresson, H., and Campbell, K. (2003). Identification of two
distinct progenitor populations in the lateral ganglionic eminence: implications
for striatal and olfactory bulb neurogenesis. J. Neurosci. 23, 167–174.
Stumm, R.K., Zhou, C., Ara, T., Lazarini, F., Dubois-Dalcq, M., Nagasawa, T.,
Ho¨llt, V., and Schulz, S. (2003). CXCR4 regulates interneuron migration in the
developing neocortex. J. Neurosci. 23, 5123–5130.
Tanaka, D.H., Mikami, S., Nagasawa, T., Miyazaki, J., Nakajima, K., and Mur-
akami, F. (2010). CXCR4 is required for proper regional and laminar distribution
of cortical somatostatin-, calretinin-, and neuropeptide Y-expressing
GABAergic interneurons. Cereb. Cortex 20, 2810–2817.
Taniguchi, H., Lu, J., and Huang, Z.J. (2013). The spatial and temporal origin of
chandelier cells in mouse neocortex. Science 339, 70–74.
Tham, T.N., Lazarini, F., Franceschini, I.A., Lachapelle, F., Amara, A., and
Dubois-Dalcq, M. (2001). Developmental pattern of expression of the alpha
chemokine stromal cell-derived factor 1 in the rat central nervous system.
Eur. J. Neurosci. 13, 845–856.
Thomas, L.B., Gates, M.A., and Steindler, D.A. (1996). Young neurons from the
adult subependymal zone proliferate andmigrate along an astrocyte, extracel-
lular matrix-rich pathway. Glia 17, 1–14.
Tiveron,M.C., Rossel, M., Moepps, B., Zhang, Y.L., Seidenfaden, R., Favor, J.,
Ko¨nig, N., and Cremer, H. (2006). Molecular interaction between projection
neuron precursors and invading interneurons via stromal-derived factor 1
(CXCL12)/CXCR4 signaling in the cortical subventricular zone/intermediate
zone. J. Neurosci. 26, 13273–13278.Neuron 79, September 4, 2013 ª2013 Elsevier Inc. 863
Neuron
ReviewTremblay, R., Clark, B.D., and Rudy, B. (2010). Layer-specific organization
within the fast-spiking interneuron population of mouse barrel cortex. In
2010 Neuroscience Meeting Planner (San Diego: Society for Neuroscience).
Tricoire, L., Pelkey, K.A., Erkkila, B.E., Jeffries, B.W., Yuan, X., and McBain,
C.J. (2011). A blueprint for the spatiotemporal origins of mouse hippocampal
interneuron diversity. J. Neurosci. 31, 10948–10970.
Turrigiano, G. (2011). Too many cooks? Intrinsic and synaptic homeostatic
mechanisms in cortical circuit refinement. Annu. Rev. Neurosci. 34, 89–103.
Valcanis, H., and Tan, S.S. (2003). Layer specification of transplanted interneu-
rons in developing mouse neocortex. J. Neurosci. 23, 5113–5122.
van den Berghe, V., Stappers, E., Vandesande, B., Dimidschstein, J., Kroes,
R., Francis, A., Conidi, A., Lesage, F., Dries, R., Cazzola, S., et al. (2013).
Directed migration of cortical interneurons depends on the cell-autonomous
action of Sip1. Neuron 77, 70–82.
Ventura, R.E., and Goldman, J.E. (2007). Dorsal radial glia generate olfactory
bulb interneurons in the postnatal murine brain. J. Neurosci. 27, 4297–4302.
Voyvodic, J.T. (1996). Cell death in cortical development: How much? Why?
So what? Neuron 16, 693–696.
Waclaw, R.R., Wang, B., Pei, Z., Ehrman, L.A., and Campbell, K. (2009).
Distinct temporal requirements for the homeobox gene Gsx2 in specifying
striatal and olfactory bulb neuronal fates. Neuron 63, 451–465.
Wichterle, H., Garcia-Verdugo, J.M., and Alvarez-Buylla, A. (1997). Direct
evidence for homotypic, glia-independent neuronal migration. Neuron 18,
779–791.
Wichterle, H., Garcia-Verdugo, J.M., Herrera, D.G., and Alvarez-Buylla, A.
(1999). Young neurons from medial ganglionic eminence disperse in adult
and embryonic brain. Nat. Neurosci. 2, 461–466.
Wichterle, H., Turnbull, D.H., Nery, S., Fishell, G., and Alvarez-Buylla, A. (2001).
In utero fate mapping reveals distinct migratory pathways and fates of neurons
born in the mammalian basal forebrain. Development 128, 3759–3771.
Willaime-Morawek, S., Seaberg, R.M., Batista, C., Labbe´, E., Attisano, L.,
Gorski, J.A., Jones, K.R., Kam, A., Morshead, C.M., and van der Kooy, D.
(2006). Embryonic cortical neural stem cells migrate ventrally and persist as
postnatal striatal stem cells. J. Cell Biol. 175, 159–168.864 Neuron 79, September 4, 2013 ª2013 Elsevier Inc.Winner, B., Cooper-Kuhn, C.M., Aigner, R., Winkler, J., and Kuhn, H.G. (2002).
Long-term survival and cell death of newly generated neurons in the adult rat
olfactory bulb. Eur. J. Neurosci. 16, 1681–1689.
Wonders, C.P., and Anderson, S.A. (2006). The origin and specification of
cortical interneurons. Nat. Rev. Neurosci. 7, 687–696.
Woodworth, M.B., Custo Greig, L., Kriegstein, A.R., and Macklis, J.D. (2012).
SnapShot: cortical development. Cell 151, 918–918.e1.
Wu, S., Esumi, S., Watanabe, K., Chen, J., Nakamura, K.C., Nakamura, K.,
Kometani, K., Minato, N., Yanagawa, Y., Akashi, K., et al. (2011). Tangential
migration and proliferation of intermediate progenitors of GABAergic neurons
in the mouse telencephalon. Development 138, 2499–2509.
Xu, X., and Callaway, E.M. (2009). Laminar specificity of functional input to
distinct types of inhibitory cortical neurons. J. Neurosci. 29, 70–85.
Xu, Q., Cobos, I., De La Cruz, E., Rubenstein, J.L., and Anderson, S.A. (2004).
Origins of cortical interneuron subtypes. J. Neurosci. 24, 2612–2622.
Xu, Q., Tam,M., and Anderson, S.A. (2008). Fatemapping Nkx2.1-lineage cells
in the mouse telencephalon. J. Comp. Neurol. 506, 16–29.
Xu, H., Jeong, H.Y., Tremblay, R., and Rudy, B. (2013). Neocortical somato-
statin-expressing GABAergic interneurons disinhibit the thalamorecipient
layer 4. Neuron 77, 155–167.
Yamaguchi, M., and Mori, K. (2005). Critical period for sensory experience-
dependent survival of newly generated granule cells in the adult mouse olfac-
tory bulb. Proc. Natl. Acad. Sci. USA 102, 9697–9702.
Yoshimura, Y., and Callaway, E.M. (2005). Fine-scale specificity of cortical net-
works depends on inhibitory cell type and connectivity. Nat. Neurosci. 8,
1552–1559.
Young, K.M., Fogarty, M., Kessaris, N., and Richardson, W.D. (2007). Subven-
tricular zone stem cells are heterogeneous with respect to their embryonic
origins and neurogenic fates in the adult olfactory bulb. J. Neurosci. 27,
8286–8296.
Zhu, Y., Cao, L., Su, Z., Mu, L., Yuan, Y., Gao, L., Qiu, Y., and He, C. (2010).
Olfactory ensheathing cells: attractant of neural progenitor migration to olfac-
tory bulb. Glia 58, 716–729.
Zou, D.J., Chesler, A., and Firestein, S. (2009). How the olfactory bulb got its
glomeruli: a just so story? Nat. Rev. Neurosci. 10, 611–618.
